Abstract. The article presents the process of discretization and implementation of the Proportional
Introduction
The PI regulators are traditionally used in the control systems of single-phase inverters which couple energy sources (e.g. renewable) with the power grid while in threephase systems the PI regulators are used after transformation to the rotating dq system. The other option is to use a proportional-resonant controller P+R, which works directly on alternating signals. The regulator can be used directly in single-phase and in three-phase systems after transforming the natural system to αβ. [1] P+R controller, in an ideal version, has infinite gain and zero phase shift to the signal which is tuned with controller. Signals with other frequencies are dumped and phase shifted in relation to the input signal -according to the amplitude and frequency characteristic. In the real solutions, a controller with limited amplification for resonant frequency is used. In the scientific literature there are also examples of the modified structures of the regulator which aim to improve its operation in unstable power supply conditions.. [1] [2] [3] Control systems may be based on microprocessor systems or faster programmable logic devices (e.g. FPGA or CPLD). In the FPGA device, controller and modulation system may be implemented, what is troublesome in the microprocessor system. [4] Additionally, in the FPGA system, it is possible to perform real time simulation. The advantage of such a solution is the possibility of testing the regulator, with structure and parameters, which will operate in a real device. For that , discrete model of the converter, which will be controlled by regulator and power source models (to be connected by converter) should be developed. [5, 6] .
In this publication a Terasic ADC-SOC development board with Cyclone V 5CSEMA4U23C6N series FPGA system was used as a platform for simulation ( fig. 1) The research presented in the article is a continuation of the simulation research presented in [7] . It concerned the continuous structure of the P+R regulator proposed in [1] . The obtained results proved that the tested P+R structure can be used as a current regulator in the inverter that couples the energy source with the power grid. The next stage of the research is to discrete the regulator, what is presented in this publication. 
P+R synthesis
The transmittance of the controller is [1] :
Synthesis of the resonance part of the controller [7] :
where: X -input signal, Y R -output signal of the resonance part Equation (2) can be transformed as follows:
Assuming that:
the resonance part can be implemented in the following way:
The result is a structure consisting of simple blocks (P or I). An integral with T 2 integration time and a proportional part with k gain creates a parallel structure of the PI regulator. The structure of the P+R regulator is shown in fig. 2 -the resonance part of the regulator is distinguished by a dashed line. It is assumed that T 1 =T 2 =T. Therefore, the relation of coefficients from the equation (1) i (7):
Discrete PI and P+R controller
The output signal of the PI controller in the time domain is described by equation:
Realizing the integration with the rectangle method, the PI structure equation in discrete steps of time n:
where: I -scaling factor of the integrating part,
The S(n-1) factor is equal to the sum of the previous integration steps:
The parallel structure of the PI regulator with the limitation of the output signal due to the operating conditions of the system is shown in fig. 3 . The simulation tests of a single-phase inverter with a P+R controller were carried out in real time using the Quartus II software package. The P+R controller was part of an inverter control system that couples a single-phase power line with an energy source.
The blocks implemented in the program were divided into two parts -a simulating power circuit (energy source, inverter and power supply line) and a control system (regulator, modulation system, generation of a pattern current signal). Table 1 presents the assumptions adopted during the simulation of the system with the digital P+R controller. The reference waveform of the line current is obtained by multiplying the scaled current amplitude value (kI sRef ) by the scaled phase voltage at the point of connection of the system to the network. The kI sRef coefficient is limited by software, so that the maximum current value is not exceeded. A properly scaled phase voltage signal is added to the regulator output signal. (k u u s ). As a result, assuming that the output signal of the P+R regulator is equal to 0, no current will flow through the line. The diagram of the tested system is presented in figure 5 . 
In the simulation studies the digital representation of the equation (13) was used [2] :
where: T=L/R, and T P is the sampling period.
On the basis of equation (14), the values of the line current were determined at discrete intervals. These calculations were carried out at a frequency of 240 kHz. The blocks that make up the control system are the P+R regulator, and the unipolar modulator consisting of a triangular course generator and two numerical comparators. The triangular waveform generator has been implemented as a counter in code U2. It counts clock pulses of control signals to a given value and then changes the counting direction. As a result, a triangular waveform with a frequency of 24 kHz is obtained at the counter output. Two numerical comparators compare the output signal from the regulator and the triangular waveform, thus generating signals controlling transistors. Figure 6 shows the block diagram of the i modules implemented in the FPGA system in order to carry out simulation tests. Figure 7 shows the voltage and current waveforms of the power line supplying the system during start-up. The set power changed from 0 to P N (13 A RMS, which corresponds to the maximum power) The system reacted correctly and in the second period after the set change, it reached the set course. Figure 8 shows the change of the inverter setpoint load from P N to 0.5P N (from 13 to 6.5 A RMS). As in the previous test, in the second period after the preset change, the line current reached the preset value. Figures 9 and 10 show the results of a test in which the controller is slightly unadjusted to the mains frequency (± 1 Hz). Figure 9 shows the waveform when the resonance frequency of the controller f R is less than the f S (49 Hz), and in the figure 10 f R was bigger than f S (51 Hz). The voltage and current flows of the supply line are in phase with each other. Because of this, a slight unadjustment of the controller has no negative impact on the operation of the system.
Summary
The carried out simulation tests showed the correct operation of the digital structure of the P+R controller. It can be used as a current regulator in a real inverter coupling the energy source with the power grid. It reacted well to the load changes. Slight unadjustment of the regulator's parameters to the network to which the inverter was connected to the energy source did not cause any visible irregularities in its operation.
The real time simulation studies was performed with the use of a platform with FPGA. The advantage of such a solution is the possibility of testing the control system in the form in which it can be implemented in a real device. During such tests, the control system cooperates with blocks in which parameters concerning, as in this case, the power grid, inverter and energy source are artificially generated. It is difficult to assess how it will work with real devices, e.g. A/D converters or transistor controllers. It may turn out that the structure, which worked properly during the simulation tests, may require improvements in the real device. Therefore, an experiment should be carried out to finally verify the operation of the P+R regulator.
